We demonstrate the generation of cw tunable far-infrared radiation by mixing a quantum cascade laser and a CO 2 laser in a W -Ni metal-insulator -metal diode. The first known spectroscopic application to the recording of an H 79 Br transition near 4.47 THz is reported. © 2002 Optical Society of America OCIS codes: 140.5960, 300.6270, 000.2170, 120.4820.
In 1984 Evenson et al.
1 introduced a unique source for coherent and tunable spectroscopy in the far infrared (FIR). Difference-frequency generation was obtained from two CO 2 lasers mixed in a metal-insulator-metal (MIM) diode. Since its invention, this system has provided full spectral coverage of the FIR region up to ϳ6 THz, making a fundamental contribution to coherent spectroscopy, that recently was extended to ϳ9 THz by replacement of one CO 2 laser with an ammonia gas laser. 2, 3 A tunable FIR scheme has successfully been used to measure the frequencies of rotational transitions of many simple molecules 4 -6 as well as atomic spectra. 7, 8 Use of frequency-locked CO 2 lasers of metrological grade allows one to obtain a typical uncertainty in frequency of a few tens of kilohertz, limited mainly by the signal-to-noise ratio of the recorded line shape. Although several other techniques have been used to generate cw tunable FIR radiation, the only spectrometer that is able to go beyond 4.5 THz remains the tunable FIR instrument.
The TuFIR setup in the so-called third-order mixing configuration makes use of two frequency-stabilized gas lasers and frequency-tunable microwave radiation provided by a synthesizer to generate tunable FIR radiation at a frequency n FIR jn L1 2 n L2 j 6 n mW , 5 where n L1 and n L2 are the frequencies of the two CO 2 lasers and n mW is the microwave frequency. A significant simplif ication of this setup may now come from semiconductor lasers. For this purpose, particularly useful are the quantum cascade lasers (QCLs) developed by Faist et al. in 1994. 9 Indeed, these lasers emit a power of ϳ100 mW in a spectral range from 3.5 to 24 mm, 10 which is particularly well suited for MIM mixers. Moreover, these lasers can have a linewidth as small as a few kilohertz if they are frequency stabilized 11 and a total continuous wavelength tunability of ϳ2 cm 21 . We report on a novel conf iguration of the TuFIR spectrometer that generates the difference frequency of a frequency-locked CO 2 laser and a cryogenically cooled QCL in a MIM diode. For this setup the tunability is given by the cw QCL, thus allowing the mixing order of the MIM to be reduced from three to two, therefore yielding, in principle, an improved FIR generation eff iciency. The quantum cascade laser emits at a wavelength of ϳ1240 cm 21 ͑8.06 mm͒ at a temperature of 81 ± K and has a frequency tunability͞temperature ratio and a current ratio of 2.2 GHz͞ ± K and ͑101.9 6 0.7͒ MHz͞mA, respectively. The wavelength calibration was performed with several pairs of CH 3 I absorption lines used as frequency references. The QCL was mounted in a liquid-N 2 -cooled cryostat (Janis Model ST-100) and was temperature stabilized within 0.1 ± K. A custombuilt power supply, which provides a maximum current of 2 A with a noise of ϳ1 nA͞Hz 1͞2 is used to drive the QCL. The experimental setup is shown in Fig. 1 . Collimation of the QCL beam was achieved by an optical system composed of an antiref lection-coated ZnSe lens (focal length, 150 mm; diameter, 5.8-cm), mounted as a cryostat window, and a metallic off-axis parabola (focal length, 191 mm), external to the cryostat. A 2.54-cm focal-length antiref lection-coated ZnSe lens focused the QCL beam onto the MIM diode junction. Upon the junction was also focused the beam from the CO 2 laser, which was frequency stabilized onto the saturated f luorescence signal from a low-pressure (typically 50-mTorr) glass cell filled with pure CO 2 . The FIR radiation that was generated at frequency n FIR jn QCL 2 n CO2 j was then collimated by an aluminum off-axis parabolic mirror (focal length, 30 mm) and detected with a liquid-He-pumped bolometer operated at a temperature of 1.6 ± K. Figure 2 shows the dependence of the generated FIR power on the QCL current [ Fig. 2(a) ] and on the QCL signal rectified by the MIM diode [ Fig. 2(b) ]. We measured the data represented on the abscissas of Fig. 2(b) by chopping the QCL beam while blocking the CO 2 laser radiation. As expected, the increase in FIR power is linear with the QCL power (see also the fitting curves). The FIR power values shown have already been corrected for the residual IR radiation from the lasers that reaches the bolometer as well as for the constant thermal background emission. Absolute calibration of the bolometer power responsivity was made previously in the laboratory of K. M. Evenson at the National Institute of Standards and Technology, Boulder, Colorado. The optical power emitted from the QCL varied from 10 to 50 mW as the current was increased from 450 to 850 mA while the power of the CO 2 beam incident upon the junction was maintained fixed at the usual value of 150 mW. 5 The MIM diode was made from a sharpened tungsten whisker and a naturally oxidized polished nickel rod to maximize second-order mixing efficiency. We compared the FIR power generated by use of the traditional scheme, with two gas lasers, to the setup with the QCL. We carried out this test by measuring, for each new MIM diode contact, the FIR power in both conf igurations at the same frequency difference. Such comparisons showed that, when the QCL was used, the FIR power was systematically lower by a factor of 40-100. We could not explain the difference in the generated powers by taking into account only the lower QCL power. Indeed, in the second-order difference-frequency process the power of each laser contributes linearly to the FIR radiation power, and the QCL power was only two to three times less than that of the CO 2 laser. A careful analysis of the QCL spatial mode, performed with a liquid-N 2 -cooled IR camera, showed that the QCL mode was signif icantly worse than the clean TEM 00 emitted by the CO 2 laser. This is a typical property of semiconductor diode lasers, especially if anamorphic prisms are not used to make the beam circular, and can explain the low FIR generation efficiency. A direct conf irmation of this hypothesis came from a comparison of the MIM rectified signals. The scaling of rectified voltages for the QCL with respect to the CO 2 laser was approximately the same as the FIR power scaling. The data in Fig. 2 were taken at a frequency difference of ϳ4.47 THz, stabilizing one CO 2 laser onto the R͑40͒ line of the 12 CO 2 ͑00 0 1 2 ͓10 0 0, 02 0 0͔ II ͒ 9-mm band. The beam of the QCL was amplitude modulated at 74 Hz by a chopper, and the detected signal was demodulated with a lock-in amplif ier (300-ms time constant).
One of the main sources of amplitude noise when MIM diodes are used for frequency generation is the pointing instability of the focused laser beams. We noticed that changes of a few degrees in the cryostatcontrolled QCL temperature required realignment of the QCL beam on the diode junction. One could probably reduce this effect, as well as problems related to the QCL spatial mode, by mounting the appropriate collimation optics directly inside the cryostat and reducing the beam path to the MIM.
To test the suitability of this FIR radiation for spectroscopic applications we recorded the J 8 ! 9 purely rotational transition of H 79 Br near a 67-mm wavelength. A recording of the hyperfine components, which corresponds to DF 11 and DF 0 selection rules, is shown in Fig. 3 . We applied a current ramp to the QCL to scan the FIR frequency. We obtained first-derivative line shapes by adding a sinusoidal signal at 1.1 kHz to the current ramp that drove the QCL. The signal-to-noise ratio of the HBr hyperfine components is due mainly to the low FIR power level and to the frequency f luctuations of the QCL during the scan. The frequency separation between the DF 11 and DF 0 transitions is in agreement with previous data. 12, 13 It should be noted that, although this setup does not provide direct frequency measurements as in thirdorder mixing with two frequency-stabilized gas lasers and a microwave synthesizer, several improvements can be made. A simple approach relies on a calibration of the QCL wavelength by recording of well-known 79 Br (cell pressure, 300 mTorr) near 4.47 THz. Line shape (a) corresponds to DF 11 hyperfine components (6.5 ! 7.5; 7.5 ! 8.5; 8.5 ! 9.5; 9.5 ! 10.5); line shape (b) corresponds to the F 9.5 ! 9.5, DF 0 transition. We recorded the line shape by tuning the QCL frequency by driving the QCL with a current ramp at 5 mHz. We obtained the f irst derivative line shape by adding a sinusoidal signal at 1.1 kHz to the current ramp and demodulating the signal detected by the bolometer with a lock-in amplif ier (1-s time constant). spectra of low-pressure gases within the QCL tunability range, as we did in this research. Otherwise, one could achieve direct frequency calibration of the QCL by heterodyning the two CO 2 lasers and the QCL on a MIM diode. If the frequency of one of the two CO 2 lasers is approximately equidistant from the other two frequencies, a low-frequency fourth-order beat note can be recorded with the MIM diode. 14 In conclusion, we have generated FIR radiation by second-order frequency mixing of a gas and a semiconductor laser in a MIM diode at frequencies near 4.47 THz. By recording the J 8 ! 9 rotational line of H 79 Br, we demonstrated that this radiation can be used for spectroscopy. This research should pave the way to an all-solid-state laser system for FIR generation by second-order mixing in MIM diodes based on QCLs. However, this further step will require improvement of QCL spatial modes by incorporation of the appropriate IR shaping optics as well as an increase in the emitted power beyond 100 mW.
